Using a semi-solid 0.5% agar column, we study the phenomenon of microbially induced mineral (calcium carbonate) by the bacteria Sporosarcina pasteurii. Our platform allows for in-situ visualization of the phenomena, and we found clear evidence of bacterial cell surface facilitating formation of nanoscale crystals. Moreover, in the bulk agar we found the presence of microspheres, which seem to arise from an aggregation of nanoscale crystals with needle like morphology. Extensive chemical characterization confirmed that the crystals to be calcium carbonate, and two different polymorphs (calcite and vaterite) were identified.
Introduction
Biomineralization refers to the process of mineral precipitation due to chemical alteration of the environment induced by the microbial activity [1] [2] [3] [4] . For unicellular organisms such as bacteria 4 , the biomineralization process can be either extracellular 5 or intracellular 6 . Microbially induced calcite precipitation (MICP) is an excellent example of an extracellular mineral deposition.
Several microbial species take part in MICP by means of various mechanisms such as photosynthesis 7, 8 , urea hydrolysis 1,5 , sulfate reduction 9,10 , anaerobic sulfide oxidation 11 , biofilm and extracellular polymeric substances 12, 13 . There has been significant interest in microorganisms that can produce urease (urea amidohydrolase; EC 3.5.1.5) and hence are able to hydrolyze urea to induce calcite precipitation 14 . Sporosarcina pasteurii (formerly Bacillus pasteurii) is a non-pathogenic, endospore producing soil bacteria that also produces urease and can tolerate highly basic environments. S. pasteurii has attracted significant attention from researchers for its unique feature of calcium carbonate precipitation, which can be easily controlled 10, [15] [16] [17] [18] [19] . S. pasteurii is being investigated for the possibility of its utilization towards a multitude of applications including underground storage of carbon, healing masonry structures of archaeological importance and long-term sealing of geologic cracks in large-scale structures 3, 5, [20] [21] [22] [23] [24] . Hammes and Verstraete (2002) reported the four very important parameters for MICP as pH, dissolved organic carbon, calcium concentration and available nucleation site 14 . The saturation rate of carbonate ions concentration (CO3 2− ) is controlled by the first three parameters and it is believed that bacterial cell wall as the nucleation site facilitate the stable and continuous calcium carbonate deposition 20 . However the bacteria-free solution loaded with urease enzyme can also induce calcium carbonate precipitation. Mitchell and Ferris (2006) studied the influence of bacteria on the nucleation of MICP. The bacteria-free enzyme solution was compared to the bacteria induced environment. Authors reported significant positive effect of bacterial presence (referred as "bacteria-inclusive") on the increase of size and growth rate of the precipitated crystal though the idea of bacterial control of MICP was rejected. The bacteria-free urease solution showed similarities with the bulk chemical precipitation whereas differences were observed for aqueous microenvironment of bacteria 16 .
It has been suggested that the bacterial cell walls can serve as nucleation sites 3, 14, 23, 25 as bacterial cell surfaces carry negatively charged groups at neutral pH [26] [27] [28] 31 . The authors claim the existence of certain cell protection mechanisms against mineral incrustation at the vicinity of live bacteria and they invoke the idea of mineral precipitation at a certain distance from the cell surface 31 . Thus, we see that the issue of role of cell wall on mineral precipitation in MICP remains controversial and detailed studies delineating the exact mechanism leading to the nucleation of crystals in in-situ conditions are required to resolve this important biophysical conundrum.
To the best of our knowledge, no conclusive reports of the role of cell wall in MICP in complex environments have been reported. Applications of S. pasteurii's MICP often include their activity in porous media such as concrete and rocks 3, 20, [32] [33] [34] , where in-situ visualization is often challenging. In order to the address the fundamental mechanism of MICP by S. pasteurii in complex environments, we designed an agar column setup, which allows us to investigate mineral precipitation by direct observation. Our setup consists of a 0.5% agar-column that is stab-inoculated and MICP proceeds in the setup as downward travelling conspicuous mineral trails. We investigate the morphology of precipitated crystals and conclusively demonstrate that the presence of nano-crystals of calcite on the bacterial cell wall. While this can be considered as definitive evidence that the cell wall does serve as a nucleation site, other mechanisms of nucleation are not ruled out.
Results and Discussion:
Agar Column: To understand growth of S. pasteurii is a porous environment, an agar column with stab culture was observed for a period of one week. Figure 1 Figure   S1b ) which likely allows it to navigate the porous structure of the agar column. The agar column was sectioned at a depth of 1.25 cm after 4 days, and the bacterial motion observed through optical microscopy. Figure S2 results, we can definitely conclude that the highly elelctron dense depositions on the bacterial cell wall were actually calcium carbonate crystals. XRD and EDS results strongly support the existance of calcium carbonate and its polymorphs as nanoscale deposits on the bacterial cell wall. These results are definitive proof that the bacterial cell wall does participate in the MICP process as a nucleation site.
Discussion
In this work, we develop a simple, yet effective experimental platform for in-situ imaging of the MICP process by Sporosarcina pasteurii. Agar (0.5%) was used to create a porous column, which was inncoluated with a stab culture. As S. pasteurii cells migrated down the agar column they left conspicuous trail of crystals. Samples of the agar column at different locations were taken and subjected to microscopy and we found that the crystal train consisted of calcite microspheres, which on closer inspection were found to be an aggregate of needle-like nanoscale crystals. Moreover, cells whose surface contained calcite nanocrystals were also observed confirming the hypothesis that cell surface plays a role in nucleation.
Materials and Methods
Bacteria culture: The bacterial strain Sporosarcina pasteurii (Miquel) Yoon et al. ATCC®
11859™ was obtained from American Type Culture Collection (ATCC) in freeze-dried condition. The strain was first cultured in ATCC recommended medium 1 . S. pasteurii cultures were further prepared in nutrient media 35 . Nutrient Broth (NB) was prepared, which contained 5 g peptone; 3 g beef extract and 2 g sodium chloride per 1L of distilled water. The pH of this medium was adjusted to 7.0 using HCl and NaOH. Nutrient agar medium was prepared by utilizing the same ingredients as NB with an additional supplement of 1.5% bacteriological agar.
Solution mixtures were sterilized by autoclave wet sterilization method (121 °C, 15 psi) for 15 min. NB and NB-agar were subsequently used for suspension culture and sub-culturing of S.
pasteurii before the experiments. All the cultures were incubated in aerobic conditions at 30 °C.
Peptone, beef extract, urea, NaCl, HCl, NaOH and bacteriological agar were purchased from Fischer scientific (Thermo-Fisher Scientific, Waltham, Massachusetts, USA). CaCl2. 2H2O (ACS reagent ≥ 99%) was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, Missouri, USA).
All the chemicals were used as purchased and solutions were prepared in Milli Q (18.2 MΩ)
water.
Preparation of semisolid-agar column: Semisolid-agar columns were prepared by following Bang's urea-CaCl2 liquid media with modification 1 . The modified media contain peptone 0.5 %;
beef extract 0.3 %, sodium chloride 0.2 % and CaCl2, 0.28 %. The pH of the medium was adjusted to 7.0 and then 0.5 % agar was added prior to autoclaving. Urea (2 %) was added separately after autoclaving when media temperature cooled down to approximately 50-60° C.
To create the agar columns, 10 ml of liquid agar was poured into upright test tubes and allowed to cool inside a biosafety cabinet, which finally resulted in columns of approximately 5 cm in length. Subsequently, these agar columns were inoculated by stabbing the free surface of the agar column with pre-cultured S. pasteurii using a stabbing needle. Fresh liquid media were poured on to the agar column to prevent drying out from the agar surface. The bacteria inoculated columns along with a control were incubated at 30 °C for a maximum duration of 7 days. which was operated at 10 fps. Image analysis was performed using ImageJ. 
